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1. Introduction
Composite materials based on magnetic and/or con-
ducting materials exhibit new or enhanced physical 
properties, of interest for future applications [1–6]. Poly-
propylene–graphite composites showed [2] a positive 
transverse magnetoresistance (larger than 10%) above 
the percolation threshold. Magnetoresistance of about 
10% (in 1.0 T, with an applied voltage of 100 V) was re-
ported [5] in polyvinyl alcohol–Fe3O4 [5]. The doping 
of poly3-dodecylthiophene (conducting polymer) with 
FeCl3 resulted in unusual diamagnetic properties [4], 
which suggested the presence of small superconducting 
regions at room temperature. Nanocomposites of con-
ducting polymers (polypyrrole—PPY) and magnetite 
were chemically prepared [6]. The magnetic nanopar-
ticles (with an average size ranging from 14 to 90 nm) 
were characterized [6] by superparamagnetic to weak 
ferromagnetic properties (magnetization at saturation of 
43.7 emu/g and coercive fields ranging from 9 to 57 Oe). 
Nanocomposites that combine both charge transport 
and magnetic properties are expected to present appli-
cations in spintronics.
The PPY–Fe composites combine the electrical fea-
tures of polypyrrole [7] with the magnetic properties 
of Fe. Polypyrrole shows a plasma resonance in micro-
waves [11] while Fe exhibits a ferromagnetic resonance 
in  the  same  frequencies  domain,  in magnetic  fields  of 
about 3500 Gs. Such composite is an ideal candidate for 
magnetically tuned negative index of refraction materi-
als [18].
2. Experimental methods
Fe–PPY composites have been obtained by codeposi-
tion, in the galvanostatic mode using square wave po-
tentials (see Figure 1A), at room temperature and under 
nitrogen atmosphere. Pristine and doped Fe–PPY were 
obtained in aqueous solutions containing 0.1 M pyrrole, 
0.2 M oxalic acid, 0.1 M LiClO4, and 2 M FeSO4. The fol-
lowing raw materials have been used to obtain pristine 
and doped Fe–PPY composites: pyrrole, reagent grade—
98% purity from Sigma (131709), oxalic acid, purity bet-
ter than 99% from Sigma (241172), anhydrous lithium 
perchlorate from Aesar (L15713), iron sulfate hydrate, 
purity 99.999% from Sigma, (450278) silver foils with a 
thickness of 0.05 mm and purity 99.95% from Goodfel-
low, and double distilled deionized water. Asymmetric 
square wave potentials (amplitudes of − 0.5 V to − 1.5 V 
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for iron electrodeposition and + 1.0 V for PPY deposi-
tion, measured relative to a calomel reference electrode 
with widths of 0.1 s) were applied to codeposit both 
PPY and Fe on thin silver foils, using an EG&G Princ-
eton Applied Research Model 273A potentiostat/galva-
nostat. The polymer was deposited during the positive 
pulse while the metal was deposited during the nega-
tive pulse. The samples have been analyzed by Fourier 
Transform Infra Red (FTIR) spectroscopy, Wide Angle 
X-ray Spectroscopy (WAXS), Alternating Gradient Force 
Magnetometry (AGFM), and Transmission Electron Mi-
croscopy (TEM).
3. Results and discussion
The presence of PPY was confirmed by FTIR spectra (reflec-
tion mode; see Figure 1C). The broad line located at 3400 cm− 1 
is typical for pristine and doped polypyrrole [9]. A strong band 
located around 3400 cm−1 was reported in perchlorate (ClO4−) 
doped polypyrrole [10]. However, in the case of electrode-
posited polypyrroles (such as polypyrrole doped with tetra-
borofluorate  (BF4
−) and toluene sulfonate (TSO−)), this band 
was not observed. For heavily doped polypyrrole, a complex 
band structure was noticed for wavelength ranging from 1700 
to 1000 cm− 1 [11]. The strongest band is located at 1640 cm− 1 
and represents complex out of the plane vibrations [9]. It was 
suggested [8] that the band located at 1642 cm− 1 originates 
from amine vibrations within the pyrrole ring. As this band is 
broad, both contributions may be present. Between 1100 cm− 1 
and 980 cm− 1, a broad band centered on 1060 cm− 1 has been 
recorded (see Figure 1C). This band may represent the convo-
lution of several narrower bands (the experimental band ob-
served in polypyrrole at 960 cm− 1, a band due to complex out 
of plane vibrations located at 1040 cm− 1, and a band located 
at 1060 cm− 1 due to C–H in-plane bending and ring deforma-
tions). The weak band located close to 750 cm− 1 is assigned to 
the out of plane deformation of the C–H bond, in bulk poly-
pyrrole [12]. The absence of the lines located at 920 cm− 1, and 
3100 cm− 1 (OH stretch) suggests that iron hydroxides are not 
present in the as deposited nanocomposite [13].
The WAXS spectrum of PPY–Fe composite deposited on sil-
ver is shown in the Figure 1B. The lines due to cubic or hexag-
onal silver substrate dominate the spectrum. The most intense 
Figure 1. A. Electrodeposition process. B. Structure of PPY–
Fe: short electrodeposition time or/and low U2 (left) and large 
electrodeposition time and/or U2 (right). C. WAXS spectrum 
of PPY–Fe nanocomposites. D. FTIR spectrum of PPY–Fe 
nanocomposites.
Figure 2. Hysteresis loops for (A) parallel and (B) perpendic-
ular orientation of the external field relative to the film plane. 
C. TEM spectrum of PPY–Fe nanocomposites. The cubic  Fe 
blocks are shown. Electron diffraction is shown in the inset.
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silver lines are shown. The amplitudes and positions of WAXS 
lines were analyzed using JCPDS powder diffraction data 
available from the International Center for Diffraction Data. 
A good correlation between WAXS pattern and the JCPDS 
data was found for cubic iron (lattice parameter ranging be-
tween  2.853  and  2.886 Ǻ).  The  absence  of  the  line  located  at 
2θ = 49°46′ (reflection [102], intensity 100%) rules out the pres-
ence of hexagonal iron. The absence of the lines located at 
2θ = 30°30′ (reflection [206], intensity 34%) and at 2θ = 57°5′ (re-
flection [1 1 15], intensity 34% or reflection [511] intensity 33%) 
rules out the presence of maghemite (γ Fe2O3). The absence of 
the line located at 2θ = 35°5′  (reflection  [311],  intensity 100%) 
and of the line located at 2θ = 53°6′ (reflection [422],  intensity 
10%) rules out the presence of magnetite (Fe3O4). The absence 
of the lines located at 2θ = 106°8′  (reflection  [420],  intensity 
100%) and 2θ = 103°7′ (reflection [331], intensity 60%) rules out 
the presence of wuestite (FeO). The absence of the lines located 
at 2θ = 27° and 35° rules out the presence of akaganeite. The 
presence of hematite is ruled out by the absence of any diffrac-
tion line in the range 50° to 60° (2θ). The diffractogram shown 
in Figure 1B suggests the presence of cubic iron. Iron has sev-
eral cubic structures. The alpha iron is a stable phase with a 
body center cubic structure and magnetic properties. Beta iron 
is not magnetic and its presence was ruled out based on mag-
netic measurements. Gamma iron has a cubic with faced cen-
tered symmetry. Stable phases above room temperature with 
ferromagnetic order have been recently reported in gamma 
iron [14] and [15]. However, the lattice constant for gamma 
iron is larger than 3 Ǻ [15]. Hence; the wide angle X-ray scat-
tering (WAXS) data indicates the presence of alpha iron in 
polypyrrole–Fe nanocomposites. Recent investigations [16] on 
 Fe nanoparticles revealed the presence of a strong diffraction 
peak, characteristic to [1 1 0] reflections, which is absent in our 
case. This may indicate either a preferential orientation (tex-
ture) of Fe clusters or a distorted structure.
The AGFM hysteresis loops of PPY–Fe nanocomposite, ob-
tained using LiClO4 as dopant at an electrodeposition poten-
tial of 1.0 V for PPY and − 1.25 for Fe, in the parallel and per-
pendicular configuration, are shown in Figure 2A. From Figure 
3A–B  it  is observed  that  the  coercive fields are  ranging  from 
100 Oe (0.01 T) to about 600 Oe. These coercivities are larger 
by an order of magnitude than the coercivities of the nano-
composite consisting of iron oxide and polypyrrole [6]. How-
ever, such values for the coercivity of  Fe nanoparticles were 
reported elsewhere [16] and [17], supporting the X-ray diffrac-
tion data. As it is shown in Figure 3A–B, the coercive field in 
both parallel and perpendicular orientations is enhanced as 
the applied voltage (U2) is increased. This may be due to the 
fact that at low voltages the Fe particles are very fine (close to 
the superparamagnetic behavior). The increase of the applied 
potential will increase the amount of Fe deposited during the 
negative pulse, leading to larger particles. At low Fe electro-
deposition potentials, the difference between the coercivities 
in  the  parallel  and  perpendicular  configuration  is  small.  In-
creasing the applied voltage the anisotropy is enhanced. This 
suggests that at low applied voltages the iron is deposited in 
clusters. Increasing the applied voltage the amount of iron de-
posited in each cycle is enhanced, and the clusters coalesce, 
tending to form a thin layer, enhancing the role of shape an-
isotropy (see Figure 1B). The difference between the coercive 
field in the parallel and perpendicular orientations reflects the 
combined effect of shape and magnetocrystalline anisotropy. 
As it is observed from Figure 3A–B, the coercive field is higher 
if the magnetic field is parallel with the surface of the sample. 
For elongated  Fe such a case has been reported in elongated 
particles if the easy avis is assumed to be along the long axis of 
the particle (or particle cluster) [17]. Hence, magnetic data con-
firmed a textured structure of  Fe within the nanocomposite.
The presence of LiClO4  leads to higher coercive fields due 
to an acceleration of the overall electrodeposition rate. The an-
isotropy in the coercivity for the sample electrodeposited with 
LiClO4 is smaller than in the case in which the doping agent is 
absent.
The squareness of the hysteresis loops is defined by the ra-
tio between the remnant magnetization, MR, and the magneti-
zation at saturation MS. It characterizes the shape of the hyster-
esis loop. A perfect hysteresis loop has a squareness of 1. The 
squareness of the hysteresis loop has a complex dependence of 
the Fe electrodeposition potential. Figure 3C–D shows that the 
squareness has an increasing trend as the applied voltage is in-
creased and that the squareness for the perpendicular configu-
ration is higher than the squareness for the parallel one.
The maximum size of the Fe particles (estimated from the 
overall magnetization at saturation of the nanocomposite MS, 
taking into account that the saturation magnetization of bulk 
iron is 1710 emu/g, assuming that a single aggregate is depos-
ited during an electrodeposition pulse, and that the magneti-
zation at saturation is not affected by the size of these aggre-
Figure 3. The dependence of  the coercive field,  for  the paral-
lel (●) and perpendicular (○) configurations, on the amplitude 
of the iron electrodeposition voltage (U2): (A) PPY–Fe nano-
composites doped with LiClO4 and undoped PPY–Fe nano-
composite (B). The dependence of the hysteresis loop’s square-
ness, for the parallel (●) and perpendicular (○) configurations, 
on the amplitude of the Fe electrodeposition voltage (U2). (C) 
PPY–Fe nanocomposites doped with LiClO4 and (D) undoped 
PPY–Fe nanocomposite.
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gates) is about 100 nm. The TEM micrograph shown in Figure 
2C confirms these estimations. The electron diffraction (Figure 
2C; inset) proves that the magnetic particles are crystallized. 
The poor mechanical properties of this nanocomposite pre-
vented us from measuring the electrical conductivity of PPY–
Fe nanocomposites.
4. Conclusions
A new method to prepare nanocomposite materials 
that combines electrical and magnetic properties is de-
scribed. Their structure and magnetic properties have 
been confirmed by FTIR, WAXS, TEM, and AGFM mea-
surements. It was shown that the electrodeposition pa-
rameters may be used to tune the magnetic properties 
of these nanocomposites. Such materials may exhibit 
negative index of refraction features if the plasma and 
magnetic resonances are matched. Further studies on 
polypyrrole–iron nanocomposite properties and their 
eventual applications are in course.
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